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4
TRANSTEMNT VELOCITY ASSESSMENT IN GALLIUM ARSENIDE, aAaND OF OTHER
arss CHARACTERISTICS RELATED TO DEVICE FUNCTIONS

Six Month Techrnical FReport

Executive Summary

~
]
[
~

Our efforts on thie preiject can be divided into

broad areas:

A. Collection and assecssment of literature dealing with
experimental and theoretical work on high electyonic
vwelocity in Gafde material and devices,

B. Critique of the assumptione used in the theoreti~zl
work mentioned above,

C. Collection and ascecssment of data from the literature and
our own lab concerning the midgap level ELZ.

L. Uzing the ELZ2 data menticned above to zssess the quality

of Gaks wafers 3¢ substrates for device purposes.

A, We hzwe sccumulated 3 large | brary of  publications desling
with wvaricus aspectse of carrier transport in Gads. From this
initial pool of zbout 250 articles, over 80 sre concerned with
velocity owuershoot, ballistic transport, hot carrier recponce,
etc, in a variety of materials. Bulk Gads, two-terminal devices
such as N+N-N+ diocdee, and three-terminal devices (such as
MESFETs and bipolar trancistore) are treated. We have chosen to

concentrate primarily on the three—-terminal device literarture.

E. Az the dimensions of GaAks devices shrink, charge carriesrs




o

require lecssz time to traverce the sctive reqion. For veru short

channels 1n & MESFET, for example, the transit time may be

1"
D

short 3¢ to becoms comparable to the time between collisions oy
the electron., If the electron does not suffery anu cocllicsicons
during ite trip through the channel), it iz not likely to be

cscattered out of the gamma conduction band and intce either the X

or L bands, both of which give the electron 3 greater efrscrios
mazszs, and thus smaller mobility. Any theoretical work modeling
the behsvioy of carrvriers 1n short-channel devices muszt  De
cognizant  of this fact,. Drift andsor diffusion transpovt

equations must be incorporated into the modsl and staticstical,
collision-based equationes such as the Boltzman transporyt equation
fmust  be used with care. The wvariocus scattering mechanlsms
influencing carvier transport need to be studied in detzil. In
additicon to the "normal'  scattering processes, "mew" mechanisms

zeem to  pop Up rvegularly, as the rather rosy theoretical precic-

tione are increasingly running up &against far less optimistl

1

e

experimental data. It may be that <cubpicosecond trarnsit time

for an electron in an FET are simply not possible. an analiesa

n

of the avwailable literazture indicatez that the <=

-~
-+
T
-4
—
0

tN

distance 1= likely to be mo move than 100 nm or so, which would
make the resolution requirements for lithography almost intoler-
able for 3 device (MESFET, MODFET, etc.) in Wwhich carrierce travsl
parallel to the surface plane. é@Gccordingly it is necesesarv for
ue tc examine the literasture and &tatus of verticallv-oriented

devices,




C. On a cseparate (materviale dominant) toplec alsg of concern for
fazt LGane dewices and ICe, we have besen making 3 collection

of iInformation concerning the wvariocuese midgap defect levesls 1in
Gans, notably the "ELZ" center, Qur library on  thie and related

tapics currvrently contains over 400 articles and more =re being

sdded each week, @As an indication of the £till increzsing amount
of interest on this topic, ocver 3 fourth of the articles have
relesase dates in 1324 or thuse far in 1585, Even with all this

activity, the microscopliec nature of ELZ etill remains an ocnen
questicn, It is widely considered that an antisite defect (A on

a bz site) is involved, buft it has vet to be conclusivelw prouven

n

whether the anticsite zlone is responsible, ov whether ELZ 1z 3
complex made up of the antisite plue one oy more nearby defects,

If 3 complex of <ome zovt 1 eventually implicated, 1t 1s even

(1]
~t
3

moye unclear as what specific defects are involved., Pubhlicshead

work, and oral presentations at various meetings through eariu

1z

o0

= do not indicate that the tetal 1dentity of ELE 12 cSiosze to

rezching consensus status. Thise 1s, eof course, & matter for

concern ince a continuing reliable commevrcial availability of

[0}

"undoped LEC" GaAs 1s an essential for the Gade [0 industrue to

arow az planned.
D. Our work aslso concerns experimentsal measurements pertaining
to ELZ and other midgap defects in Gals. (Much of thic experi-

mental work is being carrvied ocut under WNEF sponsorvship, but on 3




subject of simultanecus

mapping of the

the of = Sass  wafer

il

area

Jur experimental

be ables  to make such

sides) of nominal 0.5 mm

thiz kind that have been

been transmittance mapse on

st er

u

labe, nt

tn
i

polished and partly thinned

technique. Mescsurements with

csome cases by a lack of

fiowever, oUuy assessment of

a finding that this treatment

on the ELZ concentration, as

mitrtance, In ecollaboration
tore
water

Comparicsons among

parameters. & inltial
carrelation between
dictinquishsable from any

continuing.

interect

"meutral

techrnigque has
measurements
thickness.
made
full

to us by ARACOR,

“RECOR-trested

(ancother DARFA contractor),
maps
cstage
the EL2 concentration and FET propertiecs,

effects

7

to DARF&.) These mezsurementz

EL2 " concentraticn across

from infrared tramsmittance datsz,

been developed in sencsitivity

Wwith 3 wafer

&Grmong the measurements of

to aszzist DERFA contractors hauws

wafers, part wafers, and thicker

Inc. Soame of thece had b

1
i
3

the ARACOR “"non—-contact

hnl
1:1
P—-
P
0N
I

by

this materiasl were complicated 1n

flatnecss for the treated surfaces;

materizl ends uop

does not have anv detectable

inferable from the optical

with TebtronivsTriquint Ssmiconcuoc-
we have alsc conducted
of

diclocation

()

"n

« anc FET

of thie work indicates an spparvent

ac

of dieslocations. This work 1s




g

S1x Month Technical Report — Narrative

We now  discuse each of the program aresz in some detszil,

w
i\
’

dividing the project into the same four topics.

. Collection and sssecssment of literature concerning niqn

clectronlc vwelaci ty in Gase. Much of the time 1in trhe initizl

ot

YEtuY

M
1]

phaze of this prolect wae spent gathering a base of lit
dealing with transport in Gads in general and with high elec—

= d

1]
(1
[

tronic velocities 1in particular., While many of the articl 3
with ballistic effecte in bulk material, cthers treat the problem
in 3 wvariety of both twe- and three-terminzl devices., The
information gathered about the tehavior of electrons in the bulk
material can often be applied directly to electrons in the
devices. In order to exploit the ballistic effects, the device

Jeometries undery conelderation are wverw emall., Since 1t i

111

£till quite difficult to fabricate MESFETe with 0.2% micren
channels, most of the woerk published to date i theoretical 1
nature, often consisting of Monte Carle simulations of electronic

f

]

a

behzvior. Qur own effart F been narraowed to the gccecement

w

e

the litevature dealing primarily with three-terminal device
The effecte with which we are concerned are discussed in sectian

B below, initially from a simplicstic tutorial viewpoint, and then

wWith recent pertinent literature as the basics for discussion,

E. Critique of the assumpticns useed in medeling ballizstic




effects  in threes—termina. Gafds Adevices. Before provicing =

critique of the asassumptions used in  the modeling approaches, we

di

3
D
0
[n
-
[
-
in
—t
' d
[t

1N

cyss  the phyvsical situation in shovt—-channel

o

devices and a

"

certain which assumpticons would be appropriate.,
Wwill first diecuse the topic of electronic transport in bulk Gass

and then study the additicnal effects caused by restraining thse

y

electronic motion to =mall spstial areas.

E,.1 Scattering Mechanicsms

Although come  work has  bBeen done on hot hole tyansport in

Gzsc, wWwe will concern curceelveszs here with electronic transootrt

onlvy. The conduction band in Gads (shown 1n Fig, 1) 1s charac-
terized by a direct minimum at the gamms polint and two bl gher

vel wallevs, the ¥ band in the [100] direction snd the L band

F_:
) (]

in the [111] direction. @&ltheough it had earlier been thought
that the X band was lower in energy than the L band, work in the
mid=1570¢ (swe the review [1]1) has shown that the two bands ave
at & =imilar energy, with the L band actuslly being slightly

TyYon

[}
o

lower., S0 while it 18 most favorable encsrgetically for eiel

nd the applicstion

1]

to be in the gsmms band, scattering processes
nf large electric fields can c¢ause large fractions of the
electranic population to vreside in  the L and X vallevs., The
consequence of having electrone in these higher vallevs car be
seen by looking at  the curvature of the bands in questicon 1n
Fig. 1. The central minimum or gamma band is sharply curved
lezading to an electronic effective mase of only 0.063 m, where m

iz the mzass of a free electron, while the less curved L and X




bands have effective masses of 0.222 m and 0.58 m recpectivelv,
Thus the mebility of electrons 1 Qreatlv veduced when theu aest

scattered from th

1
m

gamma  band to  =ither of the othey o, The
key to having wery high electronic welocities in GzAs 1€ ther,
well recognized a< being = mandate, to keep as large 3 fraction

a3z possible of the electronic population 1n the aamma oand fovy =

i
+
i(
-
—,

There ave two principal mechanisms for interband tran

electrons., Since the L and X vallevs are at higher enevaiss than
the Qammz band, enerqgy  muet elther be added to the slectran oV
the kinetic energy of the electron utilized. In anv  tupe of

device, the electrons will be under the .nfluence aof 3n electyic
field., The effect of such a field on the population of the
uppery  wallews 15 shown in Fig., 2 and the net effect on ths

lectronic velocity 1s  chown in Fig. 3, bkoth from the well-

1]

1]
e

tablisked literature of "rvretyroarsde electyon uvelocitue! in Ge=z.

In addition to being bocosted intc the higher energqu, lower
mobilite bands by the application of an electric field, electraons
may aleo get there as 3 result of various scattering processes.

Theee procezcsese  include collisione with acoustic phornone throush

"

the deformation potential, collisions with polar optic phonon

ionized 1mpurity <ecattering and nonpolar optic phononse (2], 35
well az other mechanisms. Indeed, 1t has been the case <co far,

that new scattering mechanicsme are being uncovered at a rate that

-t

corresponds very well with the rate & which the experimentsal

recsulte are failing to live up to the theoretical predictions!
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In order to properly model the behavior of electrons inm devices

it 1€ nezessary to include all of these ccattering processes 1in
the equstionsz governing the electronic behsuior., fiz hizus beer
incressingly finding that the "known" mechanlisms have not been
sdequately describing the betavior found in the <small amount of
erperimentsl work that has been done. "Mew"  scatteving pro-
ceszes, primarile  desling with elsctron-slsctran Intevrscrione,

keep bei1ng proposed to explaln the data,

mn
m
—
R
(g

Obwiouszly, 1f the 3oal 1s to have the elesctron trauey

1]

n
rmn
-

ive region of a device before 1t 1s  scattered or othesruis

ited into the higher level valleysz, one of the keys 18 to mak

m
[n]
m

active reqgl

~
o
i)
[n

n as chort as= possible., With the aduances in

techrnology that are currvently being made, FETe with 0.25 micron
chanrel lernaths are no  longesy unfeacible, The raticnale i3 to
make the channel region o short that the electron doecs not have

1 .-
loztvear

1 (]
(]
[N
1]

time to catter while it 12 in th

"

yealon., If the

o

$—
[

croes the reqgion without undergeoing any collizions, 1t
mowing ballistically arnd mav  theveby attaln a maximom velolltu,
Sratictical treatments cuch ze  the Boltzmannm Transzsport Eguoiion

(ETE)Y mre based on the aszumption of & large number of collis:

I

aJ
jul
"n

n
[y
—
"l
17

during electronic transpovt., Drift and diffusion equaticons

{{

<
M
-+
[

take into account cscattering and must be modified 1f thew
be uzed with any haope of accuracy.

Before w

0

qet into a specific <coritigque of the assumptlons
used bw  wariouse researchers, we will <how a simple caloulation

desiqned to 1llustrate the times and speeds inuvoluved., Conzider

Ut




an electron traveling with

throagh @ channel of length 0.4 m

ome 2 Slternatively,

[11]

(AR

accelerated from rest by a field

impolse lasting 1 ps with no scat

Wwith a

wWith

zoses in 9Qeneral,

szattering mechani sme dlecus

in

=] are

electronic mobility  rather

e.9., [3]). It has long been

form of scatterirg at 200 K 1s

phonons. Ir addition, ionized

-

ngly important ss

tion potential sostreving by

role a2t room temperature,

Fia. 4. EBeszidecs these relatively

other modes may be important.

pilezoelesstric modes may also  be

—

shon that ectron—electron

critical role

In additiaon to the above d

1 we need to i ention one fur

SMe .,

the litzrature that we

constant

SUppose

final velocity

tifmne

zed

polar

the number

be the case in the active vregion

scoustic phonons can

Thes»

and

will be primsrily

velocity

...
m

icrons the transit time

in EETT

=1

n
"

electyon

E 2 kWem for tempoy al

m

tering: & of 0.3 micron

of S Thye

-ty

beti collisions

m

=0

{0

o

be important. deusllwe,

in terms of thei1vr effect

b

(2R g}

than the collicion time

cee,

thought that the most prevsient

mode rYing tw optics

impurity ttering will becoms

of impurities becomes lsrger

of & device). Deforma-

alzo

mechanieme &are comparesed 1n

Teuer sl

well-known mechanisms,

Intervalley phonon modes

important, =asnd rvrecent work

electron-plasmon ccattering

in limiting electronic veloci-—

iscuescion of scattering mechan-

ther comrstraint.

concevned with 1e that
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of the wvelocity of electrons. There is & maximum value of the

velocity which should be used to compare the projected velccities

l devices, T

of electrons  in either  the models or the asct

[
o
-

ned a= (dwu/dk).

-

group velocity of electrons 1in a material is def
Thise can be written as (1/FD)(dESdE) which ie (1/R) taimes the
zlope of the E(k) relationship, Thus, the greater the slope of
the band trnot  the curvasturel, the higher will be the ms:imum
velocity possible in the material. For GaRks, the maximum clope
i in  the central or gamma  conduction  minimum in the [I00]
direction as shown in Fig. 1. Thie corresponds to 35 velocitwy of
1 x  10% grrs, Any projected or claimed velocities greater than
thiz value must then be viewed with skepticism.

E.2 Mz<imum Electron Veloci ty

We now discuse some of the literaturese desling with very
high electronic velocity in Gafs, recstricting ourcselves primarily
to  thres-terminzl devices. Twe broad groups of theoreticsal
models exist that discuss large velocity effects in Gads. The

firet are Monte Carlo techniques based on the behavior of 2 laras

lectrone, The maotion of the electrons ie modeled zcs

'._a
m
Q
~
]

encsemb

)

3 zequence of free lightse between collisicns. PBetweesn colll-

[
-
)
pu}
(]

the electrone are assumed to obey claszsical laws of motion

determined bv the band structure of the material. Collisione are

considered to be random events, whose probabilities ave Fnown

m

furnctione of enerqy. The duration of & free flight, the Lkind of
scattering process and the change in momentum produced by the

collicion are determined by randomly produced numbers., Thig
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qives, in ecsence, 3 numerical solution of the Boltzmann trancs-
port equation. The second group of models ie based on & hydroe-
dynamic interpretation of the Eoltzmasnn transport equstion, and

involues much lecss computer time than de the Monte Carle tech-

niques, The

10

e

I

ornd group  are analvticsl rather than numevical,
This group basically soclves Poisson’s equation with the appropri-
ate boundary conditions wsing = fsst Fourier tyansfarm. To be
phuysically meaningful, the mesh spacing must be small enough to

recolue the wvariation of the physical qusntities 1nwoluwed, The

fa

W

t Fourier transform i€ an i1terative process and convergehce 1<
useually taken to occur when the <solution for the potential
changss bv less than (kT/q). The models can be used to calculate
varioue physicsl quantities of interect.

One of the earliest calculations of high electron veloc:tu
in Gade was that by Ruch in 1972 [4]. Hie Monte Carlo method
azeumsd  thzt the dominant s<scattering mechanism was be polar
optic phonons and also included the effectse of &scoustic phonone,
nen-parabtolicity of the conduction band minimum and interuvallev
scattering through the admixture of p-type cstates. He concluded
that the electrone would vrveach a maximum velocity of 4.7 1o
cmss and thue should be able to crose a 0.33 micron gate in about
1l p=. The electrone he injected were postulated to be cold,
i.e.,, not excited before injection.

Jther early work [5-7] made cimilar rocy predictions., The
Monte Carlo <imulations of Rees et al. [S] stated that velocities

or the order of 2 x 107 <chould be poszible for devices with




source-drain distances ac long as 3.8 microns if the materisl i1s
cooled to SO0 K, Carnez et al. [&] mentioned that fringing
effects due to the suvrfaces and the contacts need to D2 con-

cidered. Using pulsed fields, they claimed that for gate lengths

~

of 0.2 micron, electrone could reach wvelccities of & » 107,

with velocities of 5 x 107 poesible for steady =tate conaltions.

m

Shur and Eastman [7] diecussed the possibility of injecting the
zlectrons with & considerable energy and thus not hsuwing to
accelerate the electrons in the gate vregion. To prevent inter-—
valley trancsfer, they limited the injection energy to 0,35 &Y,
the energy difference between the gqamma and L bands. For a
device operating at 7?7 K, they inferred that b&sllistic transport
ic certainly poscible and <hould provide wvelocities in the mid
107 Yange.

The first experimental evidence of ballistic motion 10 3

r
3

[as)
L.

three terminsl device was provided by Eastman et al. in
1220, They said that the mean free path between collisions was
limited by polar optical phonons to abowut 0.1 - 0.2 microns.
Since their device structure had & length of 0.5 microns, thew
aszumed that the electrons suffered two or three collicsioneg
during the trancsit. Their electron flow showed definite evidence
of being partially-ballistic in nature rather than <howing
saturation.

These optimistic predictione continued for the next couple

of yearse with no real experimental confirmation [9-16]. Most of

the velocities ectimarted from the modele menticoned sbove were 1n




ie

the mid 109 vyznge. The firet rezsl rnote of caution came in

1920 by Barker et al. [17,18]. They correctly pointed cout that
with 9zte lengths on the ovder of 0.=2% microrn, the thickness of
the laver was no longer negliqgibkly small. Instead of & one-

dimensional problem, ocne had to work in  two dimensions, In

addition to surface scattering, which had been generally 1gnored,

they claimed that the electron flow may actuslly be zpace-charas
limited. Coulombic electron—electron interaqtione could plav s
wital role in the scattering process. Thelr conclusion waz that
the boundary conditioms were what dominated the electranic
metion, not ballicstic effects. Thus, by simply studying the [-U
characterictice of <chort devices, ballistic effects could not
even be abserved.

Orne of the few experimental papers of 19581 provided coms

information that could be taken as either incouraqing or discou-

1

raqirna. Shank er al. [12] uvsed 3 subpicosecond optical techniaue
to measure the electron dynamics in a two—-terminal diode made of
“lGasss on Gadke., To fit  their dats, they asssumed an electron
velocity of 4.4 x 107 for the firet 1.1 pricosecandz of the
electron’s travel between the contacts and then & slower 1.2 x
107 for the recst of the croseing, This i1nformation was encoursq-
ing in that it was the first direct cornfirmation of electronic
velcocity <ignificantly greater than 107, but diecouraqing for
ceyeral reacsons. First, it took place in a AlGaAs-Gaks hetero-

structure rather than in Gans., Second, the short pericd of rapid

transit corresponded to a length of only abtout 0.2 micron and
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most importantly, the experiment took place at 77 K rather than
at room temperature,

The Cornell qroup =till maintained that by  imiectin

10

electrons that were already ballistiec (velocity =1 x 10%),

very large speeds could be maintsined for ac long as Q0.3 micron.

In fact, even assuming gradusl sccelerstion, thev claimed speeds

reaching S x 10° for lengths of 0.3 micren. Their model consi-

dered only polar coptical scattering and asllowed 1nisction

-

energies of up to 0,25 el with no intervallew cscattering,
In the last couple of vwearz, however, the thecoretical work
has  <hown much less optimicsm. “&lthough  some models still

predicted fairly high velccities {the hydrodvnamic wmodel of Euot

and Frew claimed that w 3.8 x 1[!7 was pozeible fory 3 25
micron qate [21], and a one-dimencional model develcped by Shubk-
hanoy et sl. claimed 6 x 107 cmse [221), the Monte Carlo studies

were finding that other mechaniems, f(previcucsly ignored) cau

in

the path length where the wvelocity was rapid to shrink very
vapidly. Littleiohn et al. [23] found that even if the average
injection energqy of electrone wWas less than 0.36 eV, (i.e., the
intervalley energy) enough electrone have greater energie:z €0
that intervalley =scattering i€ wvery important. Eallistically
launched electrone locse their momentum very rapidly (on the crder
of 3 few hundred angstroms), rather than slowly ocver about 0.3
micronse as previously expected. For base widths of abeout 250

anqstroms, velocities as high as 4 x 107 cmse may be possible,

but for lenqgths of 0.1 micron, speeds only half that fas=t can be
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maintained. Awano et al. [24] painted a somewhat brighter
picture, claiming & velocity of 7 x 107 at & distance of O.16
microne from the source. The device they model has both the gate
and the source-drain dicstance equsal to 0.2% micron. They include
intervalley scattering and collicions with ionized impurities. @
morve detailed work by the <ame group 23] claime that the

-

electronz are accelerated verw rapidly (in the firet 0,02

D

micyaon

f 3.

[}

oY €0) up to speeds

W
[

x 107 emse and then mare <lowly  up tao

<
~J

about 8.5 x 1 gwey the remz2inder of the .25 micron source-drain
length. They claim that come electrons may even reach velocitiecs
aof 1.2 x 108 cm/s.  The fact that this value 1s faster that the
phveically allowesd maximum velocity in Gafks causes one to doubt
the veracity of their work! In addition, the sbove-quoted values
of velocity were for & temperature of 77 K rather at room
temperature, <o their usefulnesse is further undermined. Their
calocuelations do rewvesl one interesting phenomenon - namelw that
charge tends to pile up at the drain end of the channel. This

increa

m

e in charge denszity (shown in Fig. 3) could lead to
StYonger electron-electron interactiaens, &lthough Awano =t
al. did not include any scattering mechanisme of this tupe In
their czlculation,

The Cornell group hae been the primary Qroup publichinag
experimental resulte in the last couple of vears [26,27]1. They
found that the predictions based o¢n polar optical phonoen scat-
tering being the most important mechanism were overly optimistic.

The devices they were building did not perform up to the predic-
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ticns. In fact there tended tc be & more than twoe to one
discrepancy. In order to explain the discrepancy, Hollis er
al. [23])] postulasted seversl new scattering mechanisms. Trhey -z
previcusly neglected electron-electron scattering and scatfteving
from coupled plasmon-optical phonon modes, Compared to the
previaously considered primary cscattering mechanism, the polar
opticsl phonon scattering, they found that the electron-electron

szattering had & rate that was larger by more than 30 percent and

that the plasmon-—-phonon modes sccounted for movre than twices 3

w

much <ccattering as the polar modes. Without thece g=tr
scattering modes present, the Monte Carlce simulationse prowvided

device parameters that were approximately twice as optimictic =3

n

the sctusl perfarmance. Recognizing the limits these new
scattering mechanisms place on device geometries, the Cornell

qQroup is no longer working on  the standard MESFET. Their

(AR

B(

e

1

plaznzr-doped barrvrier trancsistor 1 3 wverticslly orviented &
that uses =3 barrier to inject electrons with & couple of tenths

of an e\ energy (corresponding to wveleocities in the upper 107

crm e). Thise wvertical gecmetry allows them to have base lengths

¥

that are very chort., The work of Hollie et al. [28] deslt with
base widths from 700 - 2000 angstroms. Thie work has been
detailed mcere thoroughly here because it ceems to present a qood
poseibility for high cpeed devices, as will be discussed belaowt.
VUery recent <ctudies have tended to confirm the Cornell
resulte. Monte Carlo studies by Lugli and Ferry [28] have chown

that electron-electron and electron—plasmon interactiocns severely
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limit the possibility of ballistic transport except for very
short distances. Even working at energies low enough that
plssmon~phonon  coupling and intervsllev sgattering csn bDe
neglected, they found that the Coulombic interactions menticoned
above cause the electronic velocity to fall to sbout half of ite

iniected wvalu

1}

asfter only 1000 -~ 2000 angstroms, as <chown 1In

Fig. &. |laork By Haves et al. [£8) 3lsc found strong slectvon-
electron scattering. Assuming that this mechanism 1s egusally
ztrong as  the LD phonon scattering, their Monte Cavlo results

gave a scattering length of 400 angstroms. They did not include
coupled plasmon modes oy  impurity scattering in their model.
Experimental work by the same group [29] injected electronz with
0,25 =Y inte devices with base lengths of 1200 and 1700 sng-
stroms. Thev found that the electronse experience considerzble
scattering during the transit of the hase, with, se expected,
electrons in the 1700 angstrom bace being scattered more than in
the 1z00 angetrom base. Finaslly, Chen et al. [30] have recently

measured velocities of about 2 x 107 cms/se  in InGads devices snd

Ly

suggest that this could be speeded up somewhat by using InGass
devices with gates made of Ganvs. This latter tvpe of device has
vet to be fabricated.

What we have found, therefore, 1s that as the fabrication
technology is improved and actual devices are being made, the

rezulte are conciderably lecse rozy than the early predictions of

w

a fey,y years ago. With the large number of electrons present 1In

the active vreqions of most devicesg, the flow tende to be space
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charge limited and Coulombic interactions between electrons snd

plazmons and among electrons themcselves are the dominant scatter-

14

ing mechanlsms., It s&appears to us  that with the scsttevan

{3
AN}

lengths getting down intoe the few hundreds of angstroms range 1t

in

1931ll  be increasingly difficult to fabricate standavrd geometry
MESFETe with gate andsor channel lengthe adequatelvw emall. The

best chanc

m
n
]
M

for sctuslly making devices with wery fazt cwitoching

rcom temperature, of course) appearse to  lie in

in
—
i1
-

cspeed
uertically oriented geometries, where the sctive reqione mav Le
eacsily made & few hundred angstroms thick. Ffiqure 7 zhows an
energy dizgram of the planar doped barrier transistor menticoned
above. A second poscsibility that also allows feor wvery short
transit distances due to its vertical orientatiaon is the oerme-

able base transistor [21,32]. 1Its geometry is chown in Fig. 3.

. Collection and ascessment of literature concerning the midgan

level ELZ. fs stated in the summary above, the amount of

literature dealing with EL2 12 quite astounding. Ferhaps even
more amazing, ie that even with all the effort being applied to

t remsln

the problem, the exact phyzical nature of the defe

[

unknown . Information AQqathered over the last two vyeave has
indicated that the defect likely inveolves an As on Ga antisite,
but there ic still <some disagreement ac to whether the isclated
anticite alone is the culprit or whether it forme a complex with
some other defect. The onlyv real change in the situation over

the lzset six moenthe is that perhape fewer pecple are tocuting the
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icelated antisite as the mechaniem vresponcsible for EL2., It
appears more and more likely that some other entity i3z =zlso
invelved. However, there ie <till no consensue at 3ll zs to the
identification of thic other entity. 0One reaconable queze would
be a nearby Ae vacsnocy, but other complexes have zlzoe besn
promoted. The status of the search for the identity of ELZ
will bfe further described in out Fourth Cusvter R & D Status
report, and the Final Technical Report, these having the appor-
tunity to include information reported durving conferences in the

zummeyr of 1985.

D. Mapping of ELZ, and Use of ELZ and Other Mspping Dsats tao

fAssess the Qualitu of Gads Wafers a2 Device Substratees, There

hiae been much recent interest in megsuring the properties of 3
Garme wafer not just at one peoint, but at many locations - and the
drzaing of mape, for ELZ concentration, dislocations, luminesz-
cence, device properties, etc. A summary of papers appearing
Trom 1282 to the beqginning of 198% on theze related topics iz

provided as Appendix A of this report, on pages numbered &.1 and

A.2. That Appendix lists over S0 papers that hsve arpesrved in

0

that two-vear period; and a number more such will appear in 1355,
especially in view of the Julvy 1985 ecumposium in Montpellier,
France on Defect Recognition and Image Processing (D.R.I.F.) 1in
I111-Y compounds.

Scme of the studies by Japanese workers have led to reporte

from them [33,34)] that the proximity of a dislocation to & FET
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produces & direct shift of the threshold voltage, by up to 200
my, This contrasts With reportse from the Hughese Resesvch group
[35] that there was no divect dislocationsFET correlstion 1n the
wafers they ctudied. Are these reporte conflicting? Or does
each report <spring from & limited <source of information? HRote
that the ELZ concentration was not mapped 1n  elther of theze

tudies. Thus our own woevk (much of thie carrvied cut upazy 2

program here supported by NEF)Y hasz attempted to chtain infarms-

tion akout the mapping of ELZ, dislocations, and device proper-

[T

ties, all in the came wafer. Such a comparicon 1e possible onlw

[H]
m

using the highly refined technigue we have developed for messur-
ing the wesk sbecorption of neutral ELZ despite having this
disperced only in a thin (0,5 mm) wafer, Figures 9 throuah 12
illustrste recsults obtained in cury wark, which chow: there 1¢ &
direct correlation between EL2 and devize properties, and al:so,
thart the device pattern maw rvrecemble that of dizleocztions 17 the
latter share that pattern alco with the ELZ2 population. Thus a

wafer for which lengthy post-gqrowth snnesl has  permitted

(1]

dizsolution of any original stress-induced coincidence of ELZ and
dicslocatione is &pt to have the device variations follow thocse of
ELZ rather than dislocaticons. The subject is of such great

importance that further work iec escentisl,
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Fraction of electrons in the upper uwalleye and average

electryronic ensvygy ae a functionm of electric field from

Elsctronic velocity 32 3 function of electric field for
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silicon, InP and Gaks from [14]. In all cases, Nﬁzlgl?/cmi,

[y

catrering mechanisms considered in most early cslculstions

w
n

a function of temperature from [2].

Monte Carlo celculation from [25] chowing the increase in
carriery dencity near the drain end of the channel,

Recent calculation showing average drift velocity ws.
distance both with (sclid lines) and without (dazhed lines)
electron—electron interactions for two different injcction
enerqies from [28],

Enerqy diagram for the pianar doped barrier transistor. The
Ermi tter-Base junction ie the hot electron injector, the Baze
ig the trancit region, and the Ease-Collector junction acts
2z the hot electvron analyvzer. The dashed lines indicate the
barnd edge under various biasing conditione. From [2%].
Device geometry of the permeable base transistor from [311].
A tungsten Qqrating l1c embedded in the Gafds and the electrons
paszs through slits in it.

Compariscn of maps chowing ELZ2 concentration, dislocation

density and device parameters for wafer X, an undoped S0 mm
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11.
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diameter Gam:s wafer.
Comparison of maps for wafer Y, aleo an undoped, S50 rmm

¥ Gads water.
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Correlation plots for wafer Y relating FET properties to the
neutral EL2 comnzentration.,
Comparison of maps for wafer 2, an In-deped 0 1o digmeter

zive wafer.
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COMPARISON OF SPATIAL DISTRIBUTIONS ACROSS WAFER "X"
("UNDOPED" S.I. GaAs, 50 mm DIAMETER, 0.5 mm THICK)
OF (a) NEUTRAL EL2 CONCENTRATION N°

(b) DISLOCATION DENSITY, ND

(c) Idss FOR MESFET DEVICES MADE IN THIS WAFER.

Nig
’
e

'. A ta -
YN

&)

<.¢
U EY,

300 K NEAR-IR TRANSMITTANCE THE WAFER AFTER MOLTEN KOH
INDICATES N° =1.1x10'%¢enm™3 ETCHING TO SHOW DISLOCATIONS,
WITH +10% DEVIATIONS, AND WITH 4-FOLD SYMMETRY, AND A

(011)- ORIENTED MINIMA. RANGE 2x 10% < Ny < 7x10* en”Z.

(o1

8 9 10 It 12 13 14
NEUTRAL EL2 CONCENTRATION, N° (10'5 ¢m=3)

CORRELATION PLOT OF MESFET I, AGAINST
BULK EL2 N°, WITH >99% SIGNIFICANCE. BUT
GIDE SINCE WAFER "X" HAS ABOVE-NORMAL N° AND
dss VALUES FOR MESFET ARRAY N WITH THE SAME 4-FOLD SYMMETRY, THIS
MADE IN WAFER "X". EACH STEP  wAFER CAN'T DISTINGUISH BETWEEN EL2 AND
DARKER MEANS 1% RISE IN I, .. DISLOCATION PROXIMITY AS AFFECTING A FET.

1

Figure 9




COMPARISON OF MAPS FOR EL2 AND DEVICE PROPERTIES FOR WAFER "y"

[THIS ALSO IS "UNDOPED" S.I. GaAs, 50 mm DIAMETER, 0.5 mm THICK.
FOR THIS TAIL-END WAFER, ND IS LARGE ('b2)(]05 cm-z) AND UNIFORM.
THUS THE RADIAL VARIATION OF N° (“W-SHAPED" DIAMETER PROFILE),
ALSO SEEN FOR I4gq AND Vi OF A MESFET, IS NOT MATCHED BY A

COMPARABLE VARIATION OF THE DISLOCATION DENSITY FOR THIS WAFER.]

- -3
ABOVE, THE MEASURED EL2° DISTRIBUTION, WITH MEAN W° = 8x10'°> cm >,

A "W{-SHAPED" DIAMETER PROFILE WITH CENTRAL MAXIMUM SOME 20% ABOVE
THE MEAN. (STEPS HERE ARE OF AN° = 3)(10]4 cm-3.)

BELOW, MAPS OF MESFET DEVICE PARAMETERS; Idss AT THE LEFT, WITH
EACH STEP OF DARKER SHADING DENOTING 1% LARGER CURRENT. Vth AT THE
RIGHT, WITH EACH STEP OF MORE SHADING INDICATING THAT Vth HAS

BECOME 7 mV LESS NEGATIVE.

(o

(on)

Figure 10




CORRELATION PLOTS FOR WAFER "Y". FET PROPERTIES vs. NEUTRAL ELZ

THESE PLOTS TAKE DATA OF Idss (UPPER FIGURE) OR Vth (LOWER FIGURE)
FOR THE MESFET ARRAY CREATED ON A 1x1 mm2 GRID ACROSS THE WAFER,
CORRELATED WITH N° MEASURED AT THESE LOCATIONS. THUS EACH COMPRISES
ABOUT 1600 DATA POINTS; AND THE CONFIDENCE LEVEL IS >99% FOR EACH.

3.0 T T T T T T T

-} * '.
IdSS versus N . - .

2.5+ °:.‘:"-":'. :'o.!_ e .

O 1 ] L T T | T

Vth versus N

-100 | .. -

-200

-300

THRESHOLD VOLTAGE, V,, (mV)

-400
6

NEUTRAL EL2 CONCENTRATION, N° (10'5 ¢m~3)

SINCE THE DISLOCATION DENSITY ND’ WHILE LARGE FOR THIS WAFER WAS
ALSO SPATIALLY UNIFORM, THE DATA POINT TOWARDS A DIRECT INFLUENCE
OF THE EL2 CONCENTRATION IN THE STARTING SUBSTRATE ON THE CHANNEL
CONDUCTANCE — INFLUENCED PRESUMABLY BY THE EL2 COMPONENT OF THE
SPACE CHARGE AT THE CHANNEL/SUBSTRATE INTERFACE. WE SEE EVIDENCE
OF EL2 AT THAT INTERFACE FROM OUR PHOTOFET AND SIDE-GATE EXPERIMENTS,
AS VWELL AS DEEP-LEVEL STATES WHICH ARE RESIDUES OF IMPLANT DAMAGE.

Figure 11




COMPARISONS OF EL2 CONCENTRATION, DISLOCATIONS, AND FET PROPERTIES
FOR INDIUM-DOPED LEC S.I. WAFER “Z". [ALSO 50 mm DIAM, 0.5 mm THICK]

INDIUM DOPING IS BEING EXPERIMENTED WITH IN LEC GROWTH OF S.I. GaAs
TO "HARDEN" THE LATTICE AND REDUCE DISLOCATION DENSITY — HOPEFULLY
TOWARDS ZERO. IN THE PRESENT CASE, EVIDENTLY THERE WAS NOT ENOUGH

In INCORPORATED, AND ND # 0. AN X-RAY TOPOGRAPH (COURTESY OF DICK
FORMAN OF NBS) SHOWS AFOUR-FOLD ND DISTRIBUTION WITH CENTRAL MAXIMUM

XRT PICTURE OF DISLOCATIONS, THE EL2 DISTRIBUTION, AVERAGING

WITH CENTRAL MAXIMUM VALUE W = 6x10° em™3, FOUR-FOLD

4 -2 :
N, ~ 107 em ©. SYMMETRY WITHOUT CENTRAL MAXIMUM.

D

]

=4
pvt

(oIm)

03 1 LI S 1 1 . | 1
2 3 4 ] 6 7 8 9
NEUTRAL EL2 CONCENTRATION, N* (101%em-3)

THESHOLD VOLTAGE Vi (volls)

(on) CORRELATION BETWEEN FET THRESHOLD

DISTRIBUTION OF Vth VALUES FOR VOLTAGE VALUES FOR THE MESFETS OF
FETs MADE IN ADJACENT WAFER Z'. WAFER Z', WITH OPTICALLY MEASURED
MEAN IS'Vth = +600 mV, WITH TEN EL2 N° IN THE ADJACENT WAFER Z.
SYEPS OF BV, = 10 mv.

Figure 12
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APPENDIX A

LITERATURE, SINCE 1982, CONCERNING WAFER SCANNING/MAPPING OF

SEMI-INSULATING GaAs

'WAFERS'

SUMMARIZED THROUGH FEBRUARY 1985

(Nnte that many samples from the first section, EL2, are
several mm thick, thus are not true 'wafers'.)

Papers Reporting on the Spatial Variation of the EL2 Concentration in S.I. GaAs Wafers, from IR Transmission

Authors z::%fizzie ::212; Type of Diameter Thickness 32221131 Form of Data Presentation
or Journal Date Crystal (om) (nm) Features

Holmes et al Evian Conf. 1982 LEC (HP) 75 4 Radial line plot

Holmes et al. A.P.L., 3/83 LEC (HP) 75 4 Radial line plot

Brozel et al. A.P.L. 4/83 LEC (HP) 50 5 Radial line plot; also vidicon
micrograph

Holmes et 1. A.P.L. 8/83 LEC (HP) 75 4 Contour plot (measurement sites
on grid of 3 mm x 6 mm).

Skolnick et al. J.Elect.Mat. 1/84 LEC (HP) 50 5 High resolution vidicon pictures

Skolnick et al. A.P.L. 2/84 LEC (HP) to 75 3 H*‘gh resolution vidicon pictures

Holmes & Chen J.A.P. 5/84 LEC (HP) 75 4 Contour plots based on measured
3me x 3 mm grid of locations

Duseaux & Martin Kah-nee-ta, 1984 LEC (HP) 50 4 In-doped Mosaic plot (1.5 mm resolution)

Osaka & Hoshikawa " " " 1984 VMLEC ' 'P) 75 ? Magn. field Radial line plot only

Foulkes et al. vreonwm o oon 1984 LEC (HP) S50 S In-doped Vidicon pictures, med-high res.

Rumsby et al. oono" 1984 LEC (HP) 50 5 Annealed  Radial lire trace only

Rolmes et al. " " v 1984 LEC (HP) 75 4 Incl.Anneal Contour plots; 3 x 6 mm resolution

Leigh et al. toomoo " 1984 LEC (HP & LP) 50 5 Incl.Anneal High resolution vidicon pictures

Dobrilla et al. " " " 1984 LEC (HP) S0 0.58 5 Mosaic plots (1 om resolution)

Kaufmann et al. " " " 1984 LEC 50 4 Vidicon images, medium resolution

Rrozel er al. oM 1984 LEC 50 5 Line scan only

Skolnick et al. oot 1984 LEC 56 3 High-resolution vidicon pictures

Wang " " " 1984 LEC (L 60 4 Line scan only, 4 mm resolution

Brown et al. Yoot 1984 LEC (HP) 50 3 Vidicon micrograph

Brozel et al. J.A.P. 8/84 LEC (HP) 50 1§65 Line scans & vidicon pictures

Hartin ¢ al. Blarritz 1985 LEC {¥F) 50 4 In-doped Mosaic plots before and after
ingot anneal

Brozel et al. Biarritz 1985 LEC (HP) 50 5 High-resolution vidicon micro-
photos, attempt at sterec view.

Goutereaux et al. Biarritz 1985 Ll (HP) 50 S Mosaic plot, 1.5 mm resolurion

Blakemore et al. WOCSEMMAD 1985 LEC (HP) 50 0.5 Mosaic plot, 1 mm resolutinn,
compared with device parameters

Dotrilla et al. MRS/SFO 1985 LEC (HP) 50 0.5 Mosaic, 1 mm res., device comp.

Papers Reporting on the Spatial Variation over the area of a S.I. GaAs Wafer of Resistivity
(or of "leakage current” test for intrinsic photosensitivity)

Authors Published Publi- Type and size of Results reported

Conference cation Crystals used

or Journai Dace
Blunt Evian Conf. 1982 50 sm LEC and KB Contour map from "dark spot' response

wafers

Grant et al. " " 1982 50 mm LEC (HP) Contour map
Matsumura et J.J.ALP. 3/83 50 mm LEC (HP) Line scan (M-shape for p and photo-leakage)
tolmes et al. A.P.L. 3/83 75 mm LEC (HP) Line scans
Mita et al. A.P.L. 11/83 50 mm LEC, & HB Pseudo-3D plots, for photoresponse & leakage
Duseaux & Martin Kah-nee-ta 1984 SO mm LEC, In-doped Radial variation shown only
Rumsby et al. *" " 1984 50 mm LEC, annealed Line trace
GCoutereaux et al. Biarritz 1985 50 wmm LEC (HP) Momaic plot of Ry (1.5 wm res.) compared with EL2

A.l
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Feb. 1985 SUMMARY OF LITERATURE ON WAFER MAPS FOR S.I. GaAs

Papers Reporting on the Spatisl Dependence of Dislocations over the Area of S.1. GaAs Wafers

Authors

Published Publi-
Conference cation
or Journal  Date

Type and size of

Crystals used

Results Reported

(a) Based on Etch Pit Counting

Grant et al.
Bonnet et al.
Holmes et al.
Matsumura et al.

Mita et al.
Holges and Chen

Ponce et al.
Peigen et al.
DiLorenzo et al.
Stirland et al.
Nakanighi et al.

Evian Conf.

A.P.L.
J.J.A.P.
A.P.L.

J.AD,

Kah-nee-ta

ICSSDM, Kobe

1982
1982
3/83
3/83

11/83

5/84

1984
1984
1984
1984
1984

50 mm LEC (HP)
50 mm LEC (HP)
75 mm LEC (HP)
50 mm LEC (MP)
50 wm LEC & HB

75 mm LEC (HP)

LEC (prob. LP)
60 wmem LEF (LP)

Mosaic map display of EPD
Mosaic map of EPD

Radial line trace of EPD
Line scan of EPD
Pseudo-3D plot of EPD
Contour maps of EPD

Line scan

Line scan

LEC, incl. In-doped Contour plot, and full-wafer photos

LEC
FEC, In-doped

(b) Pictures and/or Traces from X-ray Topographs

Brown et al.
Ponce et al.
Leigh et al.

Strausser & Rosencwaig

Kah-nee-ta

1984
1984
1984
1984

SO mm LEC (HP)
LEC (prob. LP)
SO mm LeC (MP)
LEC

High-magnification TEM compared with EPD.

Line scan

3 mm wafers used, slip bands shown

Transmiseion picture of full half-wafer

0.3 mn wafers used for XRT, etc.

Thermal-wave image comp. with IRT for high-magn.

Papers Reporting on the Spatial Dependence across a S.I, GaAs Wafer of Carbon (& other shallow acceptors)
as Deduced either frow 17 ym Local Vibrational Mode (LVM) Absorption, or from near-bandgap Luminescence

Authors

Published  Publi-
Conference cation
or Journal Date

Type and size of
Crystals Used

Results Reported

Holmes et al.

Miyazawa et al.

Yokogawa et al.

Duseaux and Martin

Kitihara et al.
Leigh et al.
Chin et al.

Yokogawa et al.

Kikuta et al.

Pacers Reporting on

Authors

Evian
A.P.L,

J.J.A.P.
Kah-nee-ta

A.P.L.
Biarritz
Biarrits

1982
2/84

5/84
1984
1984

1984

9/84

1985
1985

75 mm LEC (HP)
50 mm LEC

50 & 75 mm LEC

Radial line plot, from LVM absorption at 17 um

Room temp. cathodoluminescence, line scans
with high resolution ( 2 um).

Mosaic plots of 4.2 K, 1.49 eV PL, 2 mm resolution

50 mm LEC, In-doped Reports uniform low carbon from LVM absorption
LEC and VPE layers Line scans of PL at 1.494 eV (carbon) and

50 mm LEC (HP)

LEC and HGF
50675 mm LEC

Undoped S.I.(LEC?)

at 1.490 eV (zinc) along (010) and (0l1) diameters

4.2 K cathodoluminescence in SEM, with photos
of 5 x 5 mm“ samples, and detailed line scans
at 1.514 eV (e-h, flat) and 1.494 eV (rugged)

300 K cathodoluminescence micrographs
Mosaic plots of 1.49 eV PL showing anneal effects

Microfocussed laser spot used to generate high
resolution PL image at 1.49 eV, cowpare with the
PL images for 0.65 eV and 0.8 eV.

Variation over s S.I. GaAs Wafer's area of Device Paramétérs (Vtu etc.)

Published
Conference
or Journal

Publi-
cation
Date

Type and size of

Crystals used

Results Reported

Dilorenzo et al.

Takebe et al.

Lee et al.

Winston et al,

Yamazaki et al.
Winston et al.

Kah-nee-ta

A.P.L.
Blarritz

1984
1984
1984

1984

11/84
1985

LEC, inc. In-doped Mosaic plot of FET Vt
75 wm LEC (Mod.P)

75 mm LEC (HP)

h
Mosaic plots for Vth and K

Pseudo-3D plots of Vip, for FETe aligned
along [010], (011}, and (011) directions.

50 mm LEC, In-doped Line plots of Vep for low-disloc. material

50 s LEC, In-doped Mosaic plots of Ven for low disloc. mtl.
75 mm LEC, In-doped Concerned with dis’ocation proximity in low-

A.2

disloc. material as affecting Vep ar’ CL.




